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« To explain the basic principles of the charge pumping
technique for characterising the interface charge in
MOSFET's

- To illustrate the application of the technique for the analysis
of the degradation of MOSFET’'s and MOS-related devices,
for energy and spatial profiling of interface traps

« To discuss the effect of oxide thickness scaling and how
Charge pumping can successfully be used for analysing
high k dielectrics

- Targeting both novices as well as experts in the field
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PURPOSE OF CHARGE PUMPING

s TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-16, NO. 3, MARCH 196 : ) 200
Charge Pumping in MOS Devices

I STEPHEN BRUGLER, MEMBER, IEEE, AND PAUL G. A. JESPERS, SENIOR MEMBER, IEEE

umulate 8 net fow of charge into the substrate. Investigation of

this eflect revealed a charge-pumping phenomeonon in MOS gate- o

controlled-diode structures. A first-order theory is given, whereby | TRanseron

the injected charge is d into two p One com- L .

poneat involres coupling via fast surface states at the 5i-5i0, inter- euTechrone ] e

{ace under the gate, while the other involves recombination of free @ I A
- E

Abatract—Gate pulses applied to MOS transistors were found to "U
™ o
Y
T

iavesgion-layer charge into the substrate.

IxTRODUCTION—THE Basic EXPERIMENT
DL’RING the course of evaluating enhancement- -

tvpe MOS rransistors for a very-low-level Fig. 1. Basic MOS charge pumping experiment.
- switching application, a spurious signal having
magnitude of a few percent of the expected capacitive w?
ransients was observed. The evidence suggested that a
met charge was being injected across source— and 1w
drain-substrate junctions when gate pulses were ap-
plivel. ) 107
‘T'he experiment of Fig. 1 clarified the effect. The sub-
¢ current of an MOS transistor was smoothed by a
itor and fed to a de ammeter. Source and drain

wore shorted and reverse biased (Ve <0). In the ah-

senee of any gate pulses. the ammeter simply indicated ¥
the junctions’ negative reverse leakage currents. When

=1f

pul.u-;\- and became &iiiﬁ Its magnitude increased o L ! L : L
with gate pulse frequency, becoming linear when B e T ¥

leakage effects were swamped. If the reverse voltage
w.is zero, the de substrate current was linearly propor-
tional to frequency over the limits of the measuring
vquipment. This is-shown by Fig. 2 for the case of a awecee

INA066 transistor. This linearity is clearly indicative d B

of & “charge pumping™ action whereby a fixed charge is O BevERRRCH FOMT

mieasured at each gate pulse. Si ent of g e jdu

the measured magnitude can flow’ through the oxide,

thiz charge mus inj; across_the junctions. A 2 4
vurrent of 1.3 oA was measured at a 1-kHz frequency, “ 4 wl
= the charge delivered per pulse was 1.3 pC. Note =Y
that current is able 1o flow in the forward direction, op-
isite to the leakages even if the junctions are reverse
liased. This means that power is being transferred from
the pulse source 1o the battery, 9 ey 5 S

_ The magnitude of the substrate current at a fixed g ¢
Irequency is plotred as a function of gate voltage in
Fig. 3 for three values of junction bias. A threshold
#ate voltage is seen to exist, beléw which no current is

Fig. 2. D substrate eurrent wersus gate pulse frequency.

Tui

o

Fig. 3. Dc substrate current versus gate voltage.

A . measured. As the gate pulse amplitude increasc
cvanuscript received  July 11, 1968; revised December 4, 1968. o), em § is observed, followed by sa
This work was su * the Joint Ek ics P sharp rise i current 1s ol . lollo v sa
A l«?_"" - m under tion. The current remains saturated up to the d

ch Nonr.215(83), NI 373 380, .
3?813: is with Stanford University, Stanford, Calif. voltage limits, except when Ve=0, in which cas
um. current plot eurves upward at higher gate volt

espers is with the Catholic University of Louvain,
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Interface characterization techniques

INDIRECT DIRECT
TECHNIQUES TECHNIQUES
MOS- e LF-CV « Conductance
Capacitors | ¢ HF-CV (without gate leakage)
e DLTS
MOS- e Weak inversion | e Current DLTS
Transistors | e 1/f Noise e DCIV
e Charge pumping

Classification of interface characterisation techniques
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What can charge pumping do?

» Measure the interface state density at the Si-
substrate/gate oxide interface

» Resolution <10 states/cm? or better, single trap

capability

» Determine separate shifts in threshold and flatband

voltages from interface trap generation

o Determine the energy distribution of interface states

e Give information on spatial position of interface
states in the source-drain direction and/or in the

depth direction
* Measure inversion charge density

e In high-k with thin interface layer : measure density

of bulk high-k states

- >ISC Tutorial 2008
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Basic CP-principle
3. Second order model

4. Temperature dependence

5. Base level edges

6. MOSFET degradation

7. Energy distribution
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Geometric components

10. Effects of oxide thickness scaling

11.Single trap characterization
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Limerick #1

What is charge pumping ?

It's a method that works in 2 steps

First electrons are captured on traps
Then we pump in a hole

Causing current with the goal

To be proportional to the density of traps
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Basic principle of charge pumping

Pulse generator

Vtop
4/—\ﬂse
tf

tr Scope

G
Sl I lD
7!VF - :

p-Si

DC Ammeter

Experimental set-up: ?Bply a gate pulse
measure the substrate current !

orial 2008
ec2008 | 8




Sweeping between inverse and accumulatic
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Charge pumping: 1st order understanding

accumulation e- from source/drain to traps
1 2

t ‘ lsub =q'A'Nit'f‘ 1
/
4 =

- in traps to substrate inversion
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SIMPLE OPERATING CHARGE PUMPING PRINCIP

;=04A; |D,(E)IE
VG < VFB Erace

Efinv
=qAs | Dy(E)dE

Efacc




Simple operating principle

1 Tepl Al n-channel

Method B Method A

ICP,,= f-ng,f fq_A Nit“

A A 1 1 1 !
S 0 Yglv)

Method B Method A
Pulse level in inversion is fixed Pulse level in accumulation is fixed
Pulsing the surface into accumulation Pulsing the surface into inversion
with increasing amplitudes with increasing amplitudes
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IMeEC mec 2008 | 12



SIMPLE OPERATING PRINCIPLE

2.L0EN —IE_ F:[-A—]- —————————— P-channel

Strong dependence
on pulse shape not
explained by 1st order
model

Vr = ]V
f = 20KHz

| =g B B S e

'II\
W

Method C I T
Varying the pulse base level from inversion to accumulation
while keeping the pulse amplitude constant
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Outline

1. Introduction
2. Basic CP-principle
‘ 3. Second order model
4. Temperature dependence
5. Base level edges
6. MOSFET degradation
/. Energy distribution
8. Lateral and vertical profiling
Geometric components
10. Effects of oxide thickness scaling
11.Single trap characterization
12.CP in high k gate stacks
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Limerick #2

Is this model correct ?

In reality there is a bit more to it

‘cause the electrons in the traps can emit
And the holes do as well

So the theory becomes a hell

And so we are in a very big sh.t
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SHOCKLEY-READ-HALL THEORY

Ec I ] | Ec - . Ec —— —_— Ec — —I
Et -8 _ | Et I R |I Et —— Et s
Before  After Before After Before  After !I Before = After
Electron capture Electron emission Hole capture Hole emission
NJ + e > NI NT > NT+e NT + h*+ > NT NJ > N+ ht
. capture constant ~ * emission rate en (1) « capture constant ~ * emission rate ep (s
Kn = 0 Vth (cm3s1) Kp = op Vih (cm3s~1)
- capture rate » capture rate
cn=Knn(s1) cp=Kpp (s
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SHOCKLEY-READ-HALL THEORY

Tl Detailed balance in conduction band:
‘n ‘ Te n dn K
E ,N ,n a_ennT_ nn(NT'nT)
T T T
| -1
— - with n; =N.f; and f; = [1+exp(ET _EF)}
p KT

Inequilibrium:d_n:0 —=> g = 0 T_nT):Knn 1 withn:niexp(EF_Eij
at d fr KT
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SHOCKLEY-READ-HALL THEORY

n | Detailed balance in valence band:
E ,N_,n_
L S | dp
r qt ep(NT'nT)_KppnT
| | t
°pI l °p
P }
-1
Inequilibriun:z—i)z 0 = ¢, = (I\ip?rr:): K, P (é—lj with p:niexp(Eik_TEFj
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SHOCKLEY-READ-HALL THEORY

€y conduction band
EC
interface Ch empty traps
trap O - Ex
i TS
- E, q¥s
axide: [/EHen IS,
df; (E; .t
= (G ey (Er) (1-Fr(Ep D)= (60(Eq) + 0, )frler
. : _ E. -E
* Electron emission to conduction band: e, = o, v, N exp T '
E. -E
« Electron capture from conduction band: ¢, = o, VyzN = 0, Vi, N; €Xp FkT 'j
Qi Ei B ET
- Hole emission to valence band: e, =0, Vy N exp =
E —E.
«  Hole capture from valence band: Cob = 0, VinP = 0, Vi N €XP KT

rutorial Zuus
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Charge pumping : 29 order understandi

Steady-state Non-steady-state Electron Steady-state Non-steady-state Hole
hole emigsi\on hole emission capture electron emission electron emission/vfifvlpture
, |
o o \ T /s ]
21 ¢ ©) - @ ®
10 ' : \ -
ﬂ-ﬂd
081 g )
0 - ~— '.\.‘: - ——
0‘2‘ -\ A & ) . \ = /
» EES j?/‘# LE%;/-;V 22572
; . B = 77 / Z =
zi_EV / ' ) %% //Z % % Z i
0+ 7 2 - =
T T
-0.8 ¥ %/f://///
1.0 "5/:2?//'// %/ﬁ//////f
-1,2 4
a4 (Groeseneken et al, IEEE TED, p. 42, 1984)
T I . A . B
-4 -3 2 - 0 1 2 3 & & 3 2 1 0 a4 -2 -3 _t"em
0 v 2 3 ¢ 5 65 7 8'm B % 9% 9% ¥ ® % I
tr -—tg_l:l by

m Interface trap processes occurring during one QP-cycIe




Thermal emission/recombination

E. E
EF,inv A

T_,t; |I1 _:i_T /
| Ei
|4 ' I3 Eem,h / //

N\
\@
!

y&

NN

<_>\\\\\\&\\\\\\\‘\“

I4 = trapping of electrons EF acc Y EF ace
I2 = emission of electrons ’ ’
I3 = trapping of holes EV Ev

l4 = emission of holes
Different energy regions
associated with the four current
components

(Groeseneken et al, IEEE TED, p. 42, 1984)
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Thermal emission/recombination

Ec Ec
EF,inv A A EF,inv
V® E
% 7 / —em,e
E; 7. y/ =
Eem,h //1/
EF,acc ‘ Y EF,acc
E E,

Icp = ( fA Dit (Eem,e _ Eem,h)

From SRH emission theory it can be
shown that Eem,h and Eem.e are

given by:

Eenn(t) = E; + KT In(o, vy, Nyt p)

i 1:em,e)

Eem,e(t) = Ei - KT In(Gn Vin N

Assumptions:
n.s.s. emission times are sufficiently long

n.s.s. emission occurs only if Vg<Vg<Vy

V. =V
1:em h — a ! ><1:r
| AV ,
V. -V
1:em e — i ! th
! AV

(Groeseneken et al, IEE?E TED, p. 42, 1984)
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CHARGE PUMPING THEORY

Fall Time [s]

1679 1% q07" qg"%  4p°d 1074
%
2 |
i} |
W |
1079 10°® 107 108 10°% 1074
Rise Time [s] '
Dashed lines: Eemn (0)and E, (0)
Solid lines: Exact values of E,  and E_ .
Squares: Approximations for E_, and E__ .

Pulse transient time dependence of the emission levels o
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Charge pumping expressions

Square pulses :

V, -V
I, =2-q-D,-f-Ag -kT -In(vthni,/anapl vaG tlw/t,tf]

Triangular pulses :

V., - V. |Ja(1-«a
Icp:2'q’Dit‘f‘AG‘kT‘In(vthni,‘/O'nO'pI i | (f )J

AV,

itmec 006 | 24




Frequency dependence

TR
3 Icgp (nA) Measurement :
B Calculation :—— o Square
1=20°C A Triangle (x=0.5)
Vo =1.5Y Veg=-1.3V |
Vr=0-5V AVG =BV ( ~L— +lo) v Triqng{e (q-_—o,]s,
2L No=2x10‘6cm'3 =Sawtooth
i tox =80nm W=80pm L=7.7um
6=4x10716 cm?

V¢h=1.55x107cm/s
[ Dit=2.04x100cm2ev !

lIIlllll!llllllI||I|IllllllllIll_llllJ

0 . 50 100 150 200
f (KHz)

Frequency dependence of I, for square pulses and
triangular pulses with o = 0.5 and o = 0.15.
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Thermal emission/recombination

TR1

]

' : / Slope

~ X1E-14 QGss (C)

For triangular pulses:
Q., = l,/f vs. log(f) is a straight line

fo=12.1Hz
Slope =2.2x107'°¢C

[ [it=2.08x10"0em2ev !
C § b, Lx107 0 em?

—

1 AV,

foon =——. 2f
onop Vel ViV |

. log e
2 it = 9 -Slope
: 2-q-kT-A
G
0 .u.l.mL_x_.;.LuuL_u_Lu.ml
100 10 2 10 4 106 (Groeseneken et al, IEEE TED, p. 42, 1984)

f(Hz)
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EXPERIMENTAL RESULTS |

Influence of

Vc\~ [— —

VTH? =

/ \ VTH1 +VrsBulk effect
/ \ VTH1

L VFB

ot

1 tem,h,2

temh,d 11




Amplitude and reverse voltage dependenc

Vgy V)
14 12 10 8 6 4 2 0
L B A I T T T A (RO R BN (N B I e S i B S R |
N\
\d
8= Ny T -
\d\\“ .
> = ——aAL
\\" Vr =°V 7]
. i !
6 Y2 \ .
- % \
:t‘:. — v \\ 1
. | TR VoH=2Y k 7
© L t=100KHz \ \ |
s Bit = 1 6 x10'0cm 2ev - ; \ \ y
| No=2 x1016¢cm3 % ‘\\ 3 -
VoL=-4V \ ] \
B Calculated \ \ !
iy ‘\ \ \ =
R \ \ \
\ \ \ 7]
= 9 \ \
W A \\ ]
= vt\ \ \
0 A (O (O SO S S N W S g, B e e S0 (N \f\ Ly g e
0 5 10 15

V'r(V)

Influence of high level of gate voltage pulse
and of reverse voltage at source and drain
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Second order model
Temperature dependence
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CHARGE PUMPING THEORY

E - Ei[eV]

Dashed lines: E_ , (0)and E_, (0)

Solid lines: Exactvalues of E_ , and E_ .

Squares: Approximations for E, ,and E_ .

Temperature dependence of the emission levels
008
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Icp [10-10 A]

TEMPERATURE DEPENDENCE

- Temperature depence of |, is of the general form:

with

lcp(T) =-aT —bTLNT + C

3k
a= ZQKfA GDitIn£0 FKimj

b = 4qkfA D,

c =qgfA ;D,E,

D, =1.8x10" cm?eV”
c=1.3x10"° cm?

. Djt = 1.8 x 1010 cm-2 ev-1
6 = 1.3 x 1015 cm?

200 300

Temp [K]

100

400

Measured data can be
fitted to this analytical
expression yielding a
constant D;, and c in
the temperature range
from 90K to 380K

(Van den bosch et al., IEEE TED, p. 1820, 1991)
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Dependence on temperature

6k £ GVth(T)ni(T)‘VTH ~ Vi
W ’ 2’A\/G
L 100 K ]
L M
O 150 K
E 4 )- w In(f ) A+2InT Eg
200 K o) = -~
.::.- n M.‘_M’.‘F’ - 2kT
Q 250 K
g . 3k ‘VTH_VFB‘
2 1300 K 1M n[GVm '2AV,
350 K ‘
0 L ’ —— 0y sl | ; i oo aal dQ
Slope=—%=2qkTA_ D.
10% 10° 108 PE = me <% e

Freq [Hz]
(Van den bosch et al., IEEE TED, p. 1820, 1991)

At low T, less thermal emission, hence
ore recombination and higher |

Tutorial 2008
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TEMPERATURE DEPENDENCE

3 7 ‘ o
Q
© \ -20
() 2r 0
i | S
g | 40
7 1F |
m
B experiment | il B experiment
calculation -60 —— calculation |
160 260 ' 360 ' 460 | 100 200 300 400 I.
Tamn [K1 | Temp [K]
dQ 3k, |[Viw — Veg| Eg
— CP _ In(f ) =In| o.|—K. +2InT-—=
Slope = Unf 2qkT A, D, (f.) VoK 200 kT
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Outline
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3
4
‘ 5.
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Introduction

Basic CP-principle

Second order model

. Temperature dependence
Base level edges

MOSFET degradation
Energy distribution

Lateral and vertical profiling
Geometric components

10. Effects of oxide thickness scaling
11.Single trap characterization
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Method C: Base level technique

I lep

E E Region 2:

-

Ia B %
@ @ @ E{ED @ - Region 3:

] | L

B VI
Woj L - Region 5:
2y

\4.‘)386

Region 1:

H Vr Region 4:

Vbase<Vtop<Vfb<Vt
no CP-current

Vbase<Vfb<Vtop<Vt
transition from 0 to Icp,max

Vbase<Vfb<Vt<Vtop
normal CP-regime

Vfb<Vbase<Vi<Vtop
transition form lcp,max to 0

Vfb<Vt<Vbase<Vtop

Principle of the base level technique
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IMPROVEMENTS TO THE MODEL

5 y | 10°8 ‘|
| |
4 ‘ 10°9 |
- | —_y
E 3 | < 10710 |
2 1] Q10° 11} |
Ry L
= 1t 1 10~ 12
o | Y A
?10 -8 -6 -4 -2 0 2|‘ -10 -8 -6 -4 -2 0 2|
Gate pulse base level (V) Gate pulse base level (V)
W/L = 100um / 2um
Freq = 1MHz
Vr=0.1V

e Experimental n-channel charge pumping
characteristics
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IMPROVEMENTS TO THE MODEL

New definition of threshold and flatband voltage for charge
pumping measurements

1 1
an = pr =
c)-nvthns c)-thhps

V=V, where nq is large enough for electrons to be captured in fast
interface traps during the high part of the gate pulse: V_, ( minority
carriers )

Vi, =V, Where pq is large enough for holes to be captured in fast
interface traps during the low part of the gate pulse: V|, ( majority
carriers )

af af
ns = ps =
O'thh Gpvth

e.g. f=100kHz,0, =2x10"°cm* ->n_,=2x10"cm™

orial 2008
ec 2008 | 37



IMPROVEMENTS TO THE MODEL |

Conventional definition:

- kT (N V, =V (¥ _=0)
Vt_VQLLPS_Zch_Zqu{niD fo "g‘' s
CP-definition:
2
= Mexp(q W kT)= -2 v —v [w K, Nz al
N VO, m g S g Ny VO,

4f kT (Nv.,o
=Nexp(-gW¥ /kT) = >V..=V (¥ = In th™~ p
p p(-q ¥ /kT) Vo, M g*s ] ( i }

Comparison with conventional definitions of V, and Vg,
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IMPROVEMENTS TO THE MODEL

i | L i | — ]

10L N=1x101% cm3 . ” N = ‘1x10151 cm3 4 ‘ ]
2 0.5:- - > ] \ “:l
’_{I’J - b—m 4 ‘ .: |
0.0:“ ] = | ] ‘I
1 1 1 1 1 1 1 \ 1 1 i f ;‘ 6 ‘l
|2 0 2 4 6 2 1] 2 4 6 | -2 0 ] 2'
Vg ) V'c ™) — —— \{Q 'V'c (V) LU T T=r—F % ¥ * } Vg Vc ¥
i |
2 : \ |
' 1
1 1 P | 1 P - ]I I!
0 2 4 6 !
: Vg-Ve ) l] Vg-Ve M) |
Difference between V, and V_, and between Vg, and V for
various doping levels N
lmec N
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IMPROVEMENTS TO THE MODEL

0.4
<

! =
° 0.5

) <
G 10°1° —o— f=1MHz 0.6

z- —e— =100 kHz

E) —a— f=10kHz il 1 i iy ..'.‘.1"‘
|l | 0% 40?107 w®

- -6 -4 -2 0 Frequency (Hz)

Gate pulse base level (V)

Charge per cycle vs base level at \S/m abncll VM vs frequency
various pulse frequencies ymbols = experiment

Solid lines = theory

Frequency dependence of “threshold” (V,,) and
“flatband” (Vy) voltage
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Ys (V)

IMPROVEMENTS TO THE MODEL

LS I L S B . R . S

N = 1x1015 ¢m™3

tox = 22 nm

Vg-Ve (V)

0.5

Charge pumping current (A) ¢

10

-10

2.0}
1.5}
1.0}

0.5}

-
1 - A 1 A " i ] A

-—— -
’—--- --‘--‘
L 4

295 K

-6 -4
Gate-pulse base level (V)

Influence of temperature on V_, and V
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IMPROVEMENTS TO THE MODEL

Influence of edge effects

-

channel «J-t drain

121 . |
Gate voltage : X;
‘e 1.5 l
10
1.0
1015}
RN Vih —
i\ %}

i et o
i ,—/// ° /-6
S A ~ e [l
108 p=—— / — Vip —
, ] fb

10°

Electron concentration (cm'3)

100

2.40 2.45 2.50 2.55 2.60

Channel position (um)

e Determination of V, and V;, using
MINIMOS
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IMPROVEMENTS TO THE MODEL

D |
E. -2'><
Q .

g -+ Threshold
) - Flatband
"-é' 4
Y
Q
w67
G Al

-8 1 junction

=10 v T T T T

-0.1 0.0 0.1 0.2

Distance from the junction (pm)

» Spatial dependence of V, and V;, near source
and drain

- IZ:)(TS
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Influence of device edges

| gate |
~ Tsource] [drain ]

SE EE N EEEEEEE NN NN NN NEENEENEENENEENEEEENEEENy
. »
1% a,
. a
* *
. .,
& *
“-lllllllllllll | ] llllllllllllll... “
» “ .. *
B o ., .
0‘ ..0
* *
: FB
*
. .

already not |
. A'cp 2
pumping pumping

1

(Heremans et al., IEEE TED, p. 1318, 1989)
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IMPROVEMENTS TO THE MODEL

1.2 1
| calculated 0
| 1.0 1
| ﬁ > | 100

0.81 0]
B €
Q oy measured §
2 0.6 & 10-1 - \ g
~ ‘ ~ ]

0.4-

Q- AN

-% 12 measured 2 10?2 # calculated
| ~

0.0 Y T T T v ‘ 10-3 s
| -8 -6 -4 .2 0 2 8 6 4 2 0 2
Gate pulse base level (V) Gate pulse base level (V)

Influence of edge effects at source and drain:
theory versus experiment
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Influence of device edges

p 10°° p———T—— T
M | 10°1°
p+ w p+
P 107"

lcp (A)

10—13 A 1 " 1 A 1 N 1 .
| .8 -6 -4 -2 0 2

base level gate pulses (V)

Edges of base level curve contain information on the interface
characteristics at S and D and at the field edges

i mec storial 2008
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Influence of device edges

10-8 T T T T T 10-7

10-9 | W/L 10°8 | W/L 100/2
_— _ .9
3.10_,0_ < 10 10/2
o 0.10-19
O
=10 11L = / 2/2

10° 17}

10-12 1 1 1 1 L 10-12 ; . i 5 i
-10 -8 -6 -4 -2 0 2 -10 -8 -6 -4 -2 0
Gate pulse base level (V) Gate pulse base level (V)

Fixed channel width Fixed channel length
Varying channel length Varying channel width

LOCOS edge sensitive S/D edge sensitive
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IMPROVEMENTS TO THE MODEL

Influence of interface trapped charge

acceptor

s
I

N

cp

vV

base

Interface trapped charge

for t,, =20 nm:
D, = 10" cm2eV-' => spread = 10 mV

D, = 10" cm2eV-! => spread = 100mV

D, = 102 cm2eV-! => spread =1V

eads to a spread

in the transition regions of the base level curves
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IMPROVEMENTS TO THE MODEL

1.0 1
0.8 -
S
g 0.6 -
Q
RS
:_ 0.4
2
0.2

0.0

(111 (]
--------------
IIIIII

irradiated
(lcp,max =
50 nA)

\

virgin

[ (lcp,max =
1.3 nA)

E =25 keV

Qc.peam = 5x10-° C/cm?

lepeam = 0.5X10°7 A
time = 250s

=15

Examile V|rﬂ|n and irradiated MOSFET

-10 -5 0

Gate pulse base level (V)
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Application: MOSFET degradation

Gate Oxide Substrate

gooe-

20

curve e curve f

CP current (nA)

-5 B -4 -|3 -‘2 -|1 'vO
Gate pulse base level (V)

Vg =+12V,t=0s (a), 1s (b), 10s (c), 100s (d), 500s (e)
Vg =-12V, t=1s (f)

(Heremans et al., IEEE TED, p. 1318, 1989)

Change in CP-curves under high-field Fowler-Nordheim injection

imec orial 2668
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Sensitive to non-uniform degradation

e Curve | :

CP of region |

Curvel ll :
CP of region Il

Curve lll :
CP of whole transistor

Curve lV :
CP of whole transistor
with disconnected drain

Example: positive charge and interface traps in n-channel
MOSFET's
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Non-uniform degradation of MOSFET's

] t., = 27nm

L= 1.7um
W =100 pm

400

virgi
2001 gin

CP current (pA)

Stress conditions:

drain
— disconnected

oK R ¢ Vg =1V
-8 -6 -4 L-2 - 0 Vds =8V
base level t = 1000s

stress

Example: channel hot hole injection in n-MOSFET
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NON-UNIFORM DEGRADATION OF MOSFET

15

10 1

~

virgin

CP current (nA)

drain
disconnected

0 -y T T T :
10 -8 -6 -4 2 0 2

Gate pulse base level (V)

t., =28nm
L =1.7um
W =200 um

Stress conditions:

V, =-1.4V
VdS = '8.5V
tstress = 10003

Example: channel hot hole injection in p-MOSFET




NON-UNIFORM DEGRADATION OF MOSFE

t,1=2nm
i 1:nitride =30 nm
t., 2=5nm
Lo = 6 um
W =20 um

source
disconnected

/

Stress conditions:

CP current (nA)

virgin

V, =12V
Vg =12V
Gate pulse base level (V) toress = 108

Example: channel hot electron injection in
an n-SONOS transistor
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NON-VOLATILE MEMORY CELL

DEGRADATION

2,5E- - 4 j
oo, —+— 1 Cycle
"%y —x— 1E3 Cycles
—A— 1E4 Cycles | |
2 2.0E-8 Y —0— 1E5 Cycles T
e+ A —7— TE5 Cycles
G F 4 erri b HE R s reeme +F ‘
|
| 1.58-8
3 | T
4
N & P ' 8‘
= . 2 1.0e-8
i L |
s
' R |
Lo | 5.0E-9
b oatiem 4
(1) ‘,M ‘
| [
FETTT (Y | -
] T ul z : 0 00_, + + : : t :
Vbase [V]
Cycles SR

Endurane characteristic for
uniform WRITE operation

Charge pumping characteristics
for WRITE operation

Floating gate memory cells
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NON-UNIFORM DEGRADATION OF MOSFET’s

D. Wellekens et al, IEEE TED, p. 1992, 1995

|
— | AR Y T ‘
1000s 100s ‘ --=- fresh variable base-level pulse
T NN—108 | 0.8} — afterstress UL
0.15t variab%'_l’"'se N 1 " L@
’ \ '/ \ open
< @Il open T 0.6) ". 05 C1
= L - '.
£ ot I 1 = ". @cp
Q s | =
g - \ g 04 !
= | p
= - ! 1\1000s
0.051 ---- fresh | 0.2 \10
— after stress \‘ \ 103
o 4 20 l 5 4 2 0 2 4
Base level [V] | Base level [V]
Source gate area: Drain gate area:
no degradation observed interface traps and negative
trapped charge observed

Degradation characteristics of split-gate transistors
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NON-UNIFORM DEGRADATION OF MOSFET’s

D. Wellekens et al, IEEE TED, p. 1992, 1995

===- fresh variable base-level pulse
— after stress
1.0r
Py S negative
\ charge
— 0.85 !
< :'
(= i
= 0.6 ' ,
Q i
Q i
= 0.4 i
0.2 4‘/
6 -4 -2 0 2
Base level [V]

lcp [NA]

! =T
=-=- fresh variable base-level pulse
1.0 — after stress
- negative |
charge
0.8 / Yl
F open ’////”L;;W
T e
0.6 T
lep
0.4r B
1 \1000s
1
0.2r \UN1008
\ \408
‘\
6 4 -2 0 . 4
Base level [V]

Full transistor pumping
with drain disconnected

Full transistor pumping
with source disconnected

Degradation characteristics of split-gate transistors



Charge Pumping on LDMOS devices

Bulk Source Drain

* 40V LDMOS
* V,e and Vg, as from TCAD
e Uniform N, in thin oxide

IOCOS Nwell

channel

Niuk

x  calculated I

FND40 1St —_— Vg_e 12 i | — measured I L N L ]
2 i I \ T 7Vg_h L i
! —Vg_e - Ampl 1 - | ]
< 0 ‘ . - LDD/BB ]
2 S 2 - & 08 T " ]
S 3 = : 4 SOURCE | ]
I 3 4 - . | 5 3 O e
o o . Current | 3 =
5 8 50 ‘ ‘ 7 o CHANNEL ' | % B
(®2]
> 8 7 ‘ ‘ ‘ E ACC % B
_10 L [ B L | I
1 1.5 2 2.5 3 3.5 4 6 4 -2 0 2
X (um) Base level (V)
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Charge Pumping on LDMOS devices

* LDMOS stressed at V4=V, =15V (low V4, high
Vo) 2 N, formation at the source.

Charge pumping spectra Differential CP spectra

° ref stress 15V/15V 9 ref stress 15V/15V
1_4 10- a L N T T T T 12 10- T L A L B
- 80s /\ 1 L +80s
12109 [ | 320s ACC 7 1109 - +320s ACC B
10 ———1280s / ] +1280s /
® - | 2560s LD < LDD
——5120s 7/ < 81070 ¢ Iﬁfggi B
< 810710 - < _
< 10240s = +10240s
g B g 61010 - BB N
S 6 10-10 - | —— 20480s : % +20480s I
41010 ﬂRCE\ : g 41010 - SOURCE _ \ |||
210-10 [ E— 7 210710 - - -
: chAN . / CHAN ]
0 L 1 ‘ 1 1 I ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 & l 0 [ i ‘ | | ‘ | Lt | | | ‘ | ‘xm y 7
-0 -8 -6 -4 -2 0 2 10 -8 -6 -4 -2 0 2

base level (V) base level (V)

P. Moens et al, IRPS Tutorial 2005
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Charge Pumping on LDMOS devices

* LDMOS stressed at V=40 V =3V (low V,, high V)

- N, formation in accumulation region or under the
birds beak.

stress 3V/40V ref stress 3V/40V ref
12 10-9 [T LI R N I A A A 1OS 12 10-9 [T T T T T [ T T T [ T T T [ T T 1 +1OS
- ACC " ACC
110° i 40s 110° N < > +40s
: | 160s i +160s
81010 | \ 6408 | g 81070} +640s
o 610710 - —5120s| g A +5120s
< i — S 41010 SOURCE T
410710 ] q - < > ]
/ // SOURCE 1 o 210 10 /\ o) ‘ E
210-10 / ] 0 ¢ \7@& . ]
/ CHAN § B = .t_\a%—fﬁ | .
0 E ol N _2 10-10 T N ISR S N A \p ?SI\ vae \Cha \ge R
-10 -8 -6 -4 -2 0 2 -10 -8 -6 -4 -2 0 2

base level (V) base level (V)

P. Moens et al, IRPS Tutorial 2005
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SOI-CHARACTERIZATION

PULSE GEN, OSCILLOSCOPE | . |

ﬂ_/& /\ | e e } e Vg=6V

- /ATFP ir‘ reverse bias ‘ —L_VR=g.1v

Vs "f__%“ V// —7—L ‘ ; "[/ — i_‘_!_ / Keithley|

éﬂ* | ////////// Nt P { Pt //////////// 616

T e et *
BACK-GATE | M‘
\Jr.\i N }I | i
Five terminal SOI-MOSFET Gated P-I-N diode
/Wouters et al, 1989/ /Elewa et al, 1988/

SOI-MOSFET Structures for charge pumping

" al 2:)(:8
LMeC oc 2008 | 62



SOI-CHARACTERIZATION

1 i | 4 1

0 r-.‘..z.l""' A Hhm .
-100-80 -60 -40 -20 0 20
Base Level [V]

10—2 . I e S W i PR
10° 104 10° 1
Frequency [Hz]

o‘*w‘i

|
|

Base level curve of the back
interface

Frequency dependence of Icp
for back and front interface

o SOI-MOSFET charge pumping
characteristics

ec 2008
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Characterization of Finfet interfaces

g sub
: |
sub
N+ - SOI P+
BOX L ¢
gate W, fin
stack D topwall
P fin
o, Hfi| sidewall

- Sidewall interface quality impnortant for drive
current !

» Use charge pumping on gated Fin-diode with

various ieometries B
2008
2008 | 65



Characterization of fin interfaces

Nigr = 2Niysw Left Hin + Nigrwy Lert Wn

= 250
< | - gate W.. fin
= 200r N T = cP stack - topwall
] Maf .~ )
_ A in
§ 150 /,/ Lo = 240 nm = H. sidewall
-lcE ,,EI’ 4”“’ n
o 100¢ e
> - =140
S 50}t e 4 et = 105 A N _ C
S e o itISW
= o - - - - 2L o« Hg,
T 0 200 400 600 800 1000
= o | N m
fin width after processing W;,, (nm) tTW L—
Kapila et al., IEEE Electron Dev. Lett., vol. 28, p. 232, 2007 eff
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Energy profiling

\ Temp 2

t2

Emission levels can be modulated
by rise/fall times or by temperature
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Energy profiling: method 1

t changing t; = scan in top part
of the bandgap
Eem,e(t) = Ei + kT In(cn Vth nl 1:em e)

t changing t. = scan in bottom part
of the bandgap
Eem,h(t) - Ei + KT In(Gp Vth ni 1:em,e)

dl
Dlt(Eeme) : -+
T q-A-KT-fdlnt

1 di,
Dit(Eem,h) - = :
q-A-KT -f dint

- IZ:)(TS
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Energy profiling: method 1

.12 TR
10 r
. o T=20°C.f=I0KHz
Y & T=60"C, f=10KHz
56 v T=60°C, f= IKHz
O
- & +1
10
~ o , r anél
> 5 ﬁ
L 4 a8 v?___ -
: : e
= :,, Groeseneken et al
o F IEEE TED, p. 42, 1984)
%
-0.5 -0.3 -0 0 0.3 0.5
Energy [eV |

Exampie or energy aistripution ot Interrace traps using
Method 1 N
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Energy profiling: method 2

EC
Str =lop (g pq) = lep (tgp o)
E, =q-AfDy(Ey) AE ¢
Varying temperature at e ot | 2
fixed emission window AE b t
f,r1
(Van den bosch et al. IEEE TED, p. 1820, D, (E) — Sf’r (™)

1991) | q-f-A-AE,,

orial 2008
ec 2008 | 71




Energy profiling: method 2

Djy 1070 cm-2aV-71]

-0.4 -0.2 C.0 0.2 0.4

E-Ej [eV] (Van den bosch et al.
IEEE TED, p. 1820, 1991)

Example of energy distribution of interface traps using

Method 2 iSpectroscopic charcl;e pumpinii B



Energy profiling: method 3

V1
----------------- <+ VeZ Eaiaiutainiateiete Et2
! < Ve1 Et1
< >
te
Ve filled traps
Voase . Period 4}“ E,
1 dl_ dV
D..(E,) S

T qfA, dV, dy,
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Energy profiling: method 3

0.55 [ rr— - - o
2 =
530 F=100 Hz 8 e-CAPTURE
“\!‘*:UDDDQDDUUDUEDDD: %10-14; YVYv
< [ ¥ - v
S 045} 43, .v .q E Yy
~ ! - ) vveV L B &
! Ve = “3-4.—.—-—#-—!—-—.—.—-—1' &) e-EMISSION
— P ] JAVAVAVAY
9 - o
0.35 | 0 0653 » 9\\?‘_2000 o o d (») A“‘A Vﬁv VA‘
Tl e -oss te =Te N 5 10-15 - A !Rh-CAPTURE
_ LT L] v - h-EMISSION
. v =-B0 h . J E C
.| O =.40 1 -]
0.25 A
10~ 10"  10° 10 107 10 5 -0.3 -0.2 -0.1 -0.0 0.1 0.2 03
TIME t, (s) TRAP ENERGY E, (from MID-GAP) (V)

Energy distributions of electron
and hole emission and
(Ancona and Saks, J. Appl. Phys., p. 4415, 1992) Capture cross sections
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INTERFACE TRAP ENERGY DISTRIBUTIO

Energy range:
Bandgap can be accessed from £ 0.52 eV to +£0.15 eV

— minimum midgap value is limited by diode reverse leakage current at
high T, gate leakage current and lowest allowable measurement
frequency

— midgap region is addressed by the variable base level CP-technique

Sensitivity:
Measurement sensitivity is in the range of 10° - 1010 cm=—2 eV-!
depending on transistor size and resolution of the current
meter

— in the integral form, the sensitivity of CP can be as high as 108 cm-2 eV-
1, which is two order of magnitudes better than other interface
characterization techniques (CV, conductance)

Energy resolution:
Energy resolution is in the order of kT, and thus improves at

lower temperatures
utorial 2008
imec 2008 75
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Lateral profiling: method 1

| I 1 | [
NMQOS2/A6-5
Loy = 1wm tox = 10nm
: V,_=2V_=6V
AMMILIMMMMMIMIMNY L e i
SOURCE DRAI maosee
&€ a t=40 sec |
Vrev Vrev ':‘-::’_ t=10 sec
Z 3 .
0 . -
_ 1.12 1.14 1.16
Ancona & Saks, IEEE TED, p. 2221, 1988 POSITION ALONG CHANNEL (um)

First class of methods: scan the lateral distance by increasing the
space charge region around source and drain (increase Vr

2008
c 2008 78
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Lateral profiling:method 2

Second class of methods:

Get information on lateral
profile from change of
transition edges of base
level or amplitude scans

Tsuchiaki et al., IEEE TED, p.
1768, 1993

Chim et al., J. Appl. Phys., vol.
81, p. 1992, 1997

Furnemont et al., IEEE EDL, p.
276, 2007

v To HP8110A
GH pulse
generator
v H
GL
Source Gate Drain
I p.s N N T




Lateral profiling: method 2

I
cp.d(Vor) X Iepd(Vor) X
A A N
...................... . €&~ Cent
of B CCETECET PRI PPN <— Center
post-stress of
an
(curve a + curve b) Channel

pre-stress —=>

curve a
curve b—___
< o | ,
T A
Nipelx) Voo Vo No)

Tsuchiaki et al., IEEE TED, p. 1768, 1993
Chim et al., J. Appl. Phys., vol. 81, p. 1992, 1997
Furnemont et al., IEEE EDL, p. 276, 2007

Lateral profiles of Dit and Dot are extracted from change in
transition edges of base level curves
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Vertical

slgelilligle

3.0x% 1072

1.5x 1072}

Exparimental ¢
Sﬁfﬂaﬂon —
Oxide Trap Contribution

Inmtertace Trap
Contribution

e

Charge Recombined per Cycle [C/cycle]

%Q

101

TT(E,:B) =

102 0 10! 10°

Frequency [Hz]

* 2 1
miz(l+ s

71‘20!2 haﬁﬁ

1P

Density of Traps [cm ]

10

1 DZD

1019

101!

101?

1015

1015

Irracliation Induced Distribution
——___________IF_..'EH-—-'——'
-+

T S L

-g--"""’

Nitride Distribution

SRR

-2 oV -1

-2

+ ot=10"" cm

1

o Dit=4%x10'2 om ™ ov"

12

e T g Toe "

14 18 18 20 22 .
Maximum Tunneling Distance [A]

(Paulsen et al., IEEE TED, p. 1213, 1994)

Method: fill traps deeper into the oxide by increasing the time
available for trapping (t,, and t)), i.e. decreasing the frequency
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Vertical profiling

—_ T T T 1019 -1

o —_
= 3

! 5

» >

— w

w —_

&) >

E’é E 1018

L =

v w

o (]

w a

s =

2

& ol

1 i 1 1017 1
103 104 105 106 107 0 0.5 !
FIG. 2. Q_(f ) curves recorded from a stressed device under bias corre- FIG. 3. Slow trap concentration profiles extracted from the data points of
sponding to the maximum of the I ,(7}) at V., =C*" curves: @: V;,=03V Fig. 2. using Egs. (12) and (15). CP results are compared with a profile

and 7;,=—17 V: O: F,=04 V and V,=-21 V., A: F,=06 V and obtained using drain CT measurements.
Vi==24V:O: ;=08 Vand Ii'=—27 V. d
0, t=qAAEJ N{(x)AF(x)dx

o (X) = o, (0)-exp(—-x/A,) & 0

c,(X)=0,(0)-exp(-x/4,) {1 —exp[—c,(x)2fTH1—expl —c,(x)/2f]}

A )= e T Ten ) 2 —Te, (%) 27T}

Maneglia and Bauza, J. Appl. Phys., vol 79, p. 4187, 1996
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More accurate analysis

M. Masuduzzaman et al, TED Dec 2008
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More accurate analysis

O 1om
100k

10k 1K

Frequenczl
a

2} V,=2.2V; V,=-3.0V; 300K; t.=t.=0 1

IMecC

Eem,e(x)=E1 (X)

Eem,h(x)= Ez(x)

(Interface)

» X

2t

2t

V,;=2.2V; V,=-3.0V; 300K; 1kHz

Rise/fall time

100ns
Ons

(€) ;

0

10 20 30

M. Masuduzzaman et al, TED Dec 2008
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GEOMETRIC COMPONENTS

What is a geometric component ?

e \ :
Ll i T o : \ 4| GATE-CONTROLLED DIODE 22N-4
TRANSISTOR GATE |£22 . 12250 kHz " fe25aHz
CEOMETRY zuﬁ s 1 V-5 V © THRESHOLD VOLTAGE
€] (MILS) 1 £ |

GEOMETRY

14(A)

Vgiv)

(Brugler & Jespers, 1969)

If part of the free minority carriers are recombining with majority
carriers, they will be measured as Icp, and cannot be

distinguished from carriers that recombine at interface traps

itmec 2008 | s6



GEOMETRIC COMPONENTS

How to avoid a geometric component?
geometric component

SOUARE PULSE
r

*2 50
- Jw
7 .
{ +1 SAw
POSITIVE SAW~ | / ] !
L1 5 | ] -5 = BT

| ’ Vg V)

|

|

,,.,F b ] (Brugler & Jespers, 1969)

« Use of long fall and rise times: > 10ns ( e.g. triangular pulses )
« Use of reverse voltage at source and drain

« Avoid unfavorable transistor geometry: W/L>1, small

itmec 2008 | o7



GEOMETRIC COMPONENTS

e Switching off of a MOSFET from inversion to
accumulation

Ll
SLL

| T

| |
s | s
A | B

Lateral drift/diffusion phase Vertical diffusion phase

G. Van den bosch et al., IEEE EDL, p. 107, 1993
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GEOMETRIC COMPONENTS

Model lateral drift/diffusion phase

10"° g
o \ H ]
& - :
q; 11 : 1
s #0E
T - E
S 10 }
- 10°F 3
I %
£ %
9l |
< 107 13
o i N(0)=1x1011 . 1x10"% cm 2 ‘1‘13
108 IIII’ 1 1 ||'lll! 1 11 III!I fl‘l}‘
10°° 1o 10”7 107 10°°
Time [s]
L = 100um

a. self-induced drift:
caused by surface
potential gadient

b. diffusion:

caused by concentration
gradient

G. Van den bosch et al., IEEE EDL, p. 107, 1993
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ENTS

Geometric component as a function of
Channel length and pulse transition time

10 e T s 10 % —
o~ E - '
'E : . 107F |
S : ) | |
@ o 10°E N(0)=10"?

O g e
Q T |
= o =
Q —-— - 13
g, 'E L N(0)=10 N(O):“)” (‘
5 0 |
10° =42 éééé"{oo‘
Transition time [s] Gate length [um] |
 Influence of pulse Influence of channel length

transition time
G. Van den bosch et al., IEEE EDL, p. 107, 1993
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Inversion CP can measure inversion charge

density in MOSFET

ICP@1OO kHZ T e 10 ns, V <1V

. 15

n 1 /0000
“ 10 i S|O COI’\tI‘Ol .).‘.).‘.).1.\. 00® omo‘o*o*oO
g o®® L
0 o’ e
x 1077 +° °* SplitC-V ““.:-' 0
Q@ 10" <4..> ¢ 2*NICP_b-NICP_a .,.«““
Q { N Y
>‘ @ NICP_b o".
&) o
& 0_2 - .j ICP_a 0.@' cPb | 5
— 3| / o\.‘.‘.
T 107 b ICP_a
/' 0.)0)
[ 4 @
e - L - . 0
Z 700 05 1 .o 2.0
gate’ peak (V) A. Kerber et al., VLSI Tech. Symp 2003

Geometric component has been used to extract inversion
charge in high k MOSFET's, as a replacement of Split-CV
measurements (to avoid charge trapping effects)
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Impact of scaling oxide thickness

——— 15 1.4 nm oxide
1000 £ _:: "'-.“‘ W/L = 10x8 um2;
: o 10 |
“é* 10'0‘ E . 57
N a E)
: Gy 5
1 L3
0.4 -10
-15
P. Masson et al. Courtesy G. Sasse,
IEEE EDL p. 92, 1999 Twente Univ._oq

Classical Charge Pump Technique not suitable for ultra-thin
oxides due to dominance of gate leakage current !
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Impact of gate leakage on CP

* T/t ]
o Q4 f :
5 12 f :
L r i
Static tunnelling 3y 10 i ]
current 5] 8 . -
> 61 s
> v e oo
B 4+ e i
ﬁ 2 r_ ---------- o (Icp B ITunnel)ff |
D i 1 | 1
10" 10’ 10
Frequency f (Hz)
t P. Masson et al., IEEE EDL p. 92, 1999
1%
It unnel = T I laa [VG(t)}it For not too high gate leakage
p 0 currents, charge pumping

current can be corrected for it
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RF- Charge Pumping: increase the frequency

| tag T
Agilent gb VbiasH Q@
Signal
Generater = + -
E8251A
Two-port
GSG MOSFET

Alternative solution: increase the
frequency. RF-CP

Issue with calculating the gate
voltage waveform: gate
impedance is dependent on
voltage !

More details: G. Sasse et al.
ICMTS 2005

IMecC

0 : 2 3 0 2 4 6 8
time [ns] frequency [HZ]

Figure 2: Estimated gate voltage waveform and the harmonic
content of the time-varying signal. The voltage is calculated
at a frequency of 1 GHz, input power of 9.3 dBm and applied
bias voltage of -0.5 V.

Tutorial 2008
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RF- Charge pumping method

4
o 10 MHz 10°F
¥ o 100 MHz
+ 1GHz
2F v
of "o
— o
<
=
g 2
_4 5
e 10 10° 10"
= 05 0 0.5 frequency [Hz]
Viias [V] G. Sasse et al, ICMTS 2005

Example: tox = 1.4nm
Dit = 5x10"%cm-2eV-1

At the highest frequencies (>100MHz) the normal
voltage and frequency dependence for CP is restored
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On-chip circuit to study AC NBTI up to GHz re

|
Vee r-——-—-— ,DUT: inverter:
1 DUT: I ,
_ VseT Ve jsingle pFETI | Ve :
o I
AL < _ :_::: \ I VD I l |
- - i |
- . I
| : I I
r‘ 1 1 _‘T4 _VB I | Vout I
— mux l : I I
= i ! : :
Ve I Vg : l I
VseI: 0 I o e e o - I |
i)Y ,

Ring Oscillator @ 2 GHz
divider =1, 2, 4, 8, 16, 64, 256 (~7 MHz — 2 GHz)
Lower frequencies supplied externally

: o
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Circuit allows Charge Pumping in GHz ranc

120
| AN; = Alg /g TW L
2 80 F increasing
£ 60 | stress
- time
40T
20 T
L =V. =2V
O select cc CP:f=1.9 GHz

00 05 10 15 20
Vs =Vp = Vg (V)

Increase in N, after AC NBTI stress observed.
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Single trap characterisation

Dit(E
Ec >( ) L Ec L
E1
1
E3 ° 2
Y
=0 W °3
E2
o4 5
Ev Ev E4

Continuous distributions: For N individual traps:

l., = f q Ag D,(E) %E l.,=fqN

D,=10%cm-2eV-1, W=L=0.5um
N = 2.5 traps
at 3 MHz: |, = 0.43pA/trap



Single trap characterisation

\,\

initial
/‘“Ydlﬂaranca
' ' . ] N i \ I .
-3.0 25 20 -15 -1.0 -0.5 -3.0 2.0 -1.0 0.0
Vi (V) Vg (V)

(Groeseneken et al., IEEE TED, p. 940, 1996)

Base level CP-curve, showing Creation of 1 single trap by a short
stepwise behavior due to individual hot carrier stress @ Vg=1.35V,
traps Vd=3.5V
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Single trap characterisation

0.40 . . ' 2.0 2 R TR
total I, ! 1=1.7ps
1.6

0.32 f= 1x10° Hz / _
- tr,f= 0.3 H5 d{'\-) 1.2+
< 024y, v ” s
n ) ]
= h z 0.8
S 0161 : % .
[ ; 2

0.08 - :: <04 L.6x10°° e(-t.i"i.‘fl../j’r

jﬁé ' 0. I — —
. : ' . 1 1 10
0093-0 30 802 0

CP riseffall times t_ _,* (us)

(Saks et al, Appl. Phys. Lett., p. 1383, 1996)

CP-curve for a MOSFET with Qcp vs. rise/fall time shows
2 traps only (f=1MHz) exponential decay by SRH-
electron emission with

7=1.7Uus
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Outline

1.
2.
3.
4.
5.
6.
/.
8.
9

Introduction
Basic CP-principle
Second order model
Temperature dependence
Base level edges
MOSFET degradation
Energy distribution
Lateral and vertical profiling
Geometric components
10. Effects of oxide thickness scaling
11.Single trap characterization
‘ 12.CP in high k gate stacks

- orial 2008
lmeC imec 2008 104



Charge pumping on high k

Amplitude sweep

ﬂ, Viea is varied

ICPT _/—

v >

peak

Amplitude sweep (at fixed
base level) is used to measure
charge in HfO, layer

| A. Kerber, INFOS2003 I

IMecC

2V))

0130 clean, 3 nm HfO,, PDA: N, at 600 °c

T

T T T T T
E D V 10V O V 15V —_
10" Vbase_-1v
A V=20V aa A

12| o ]
10 o© oo ]

-

10117 0% o

—
o,
N
N, (cycle cm
o
a
m]

1010 ‘ ‘
107 10° 10°°

Charqing Time (s) @

Charging Time:

-1 -2
N.. (cycle cm™)
o_\

10| —B—1ms
10 F —0—50 ps .. Oxide control: -

10 +05us w

2.0 15 1.0 0.5 0.0 05 1.0 1.5 2.0
Vpeak (V)

Amplitude sweep CP-level is not constant for toplevel >
V1. points to bulk trap states contributing to CP-signal !

Amount of traps measurable depends on amplitude and
frequency of the CP gate voltage pulse

Ncp ~ 3:10'2 cm for a 1 ms charging time and a V, of

Tutorial 2008
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Bulk trap Charge

Pumping

Bulk trap charge pumping happens during
the high and low time of the pulse

t = time at low V4
t,, = time at high V4
t = rise time

t.= fall time

Q. = pumped charge per cycle

= independent of frequency
in classical formula

but Qc is NOT independent of
frequency when bulk states

are pumped!

Classical charge pumping
happens during
rise and fall time only




Charge pumping on high k

During t, bulk states can also be

occupied through tunneling o ©

During t, bulk states can also be inversion
emptied through tunneling .

and recombine T~

o accumulation

QOQQO00

Bulk charge pumping

- happens during t, and t,

- The longer t,, and t, the further away from the interface traps
can participate in the charge pumping

s

- charge/cycle depends t,,t,, in other words on frequency

- Tutorial 2008
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Charge pumping can sense high-k trap

density

accumulation

Inversion

SiO,
Inversion

::r;terfa_ce )traps are filled with electrons during voltage ramp (conventional CP)
umping
High-k bulk traps are also filled through tunneling during t,

Accumulation

Interface states are emptied and electrons recombine during voltage ramp-down
High-k bulk states are also emptied by tunneling and electrons recombine during
t

utorial 2008
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Variable amplitude Charge Pumping can
trap energy spectrum

substrate

Traps in dE = extra traps measured when
changing the amplitude over dV,

Traps close to
i0./high-k are sensed > Measure D (in eV-'cm)

utorlal 2008
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Defect ‘band’ near HfO, conduction band

2 1 o0
Dipoer (Cm eV ) X
o

12

2.0

Gate voltage (top pulse level) (V)
1.5 1.0 0.5

[ [ [
charge pumping
with
f=5 kHz
Vbase =-1V

7 2
area = 5x10 cm

0.8 1.0
trap depth (eV)

1.2 1.4

defects

Trap depth from top of HfO, conduction band
Shallow traps are sensed at high gate voltage

These are responsible for V -hysteresis
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Charge pumping to sense high-k bulk traps

frequency 1 > frequency 2

/ » At low frequency

- bulk HfO, traps are sensed

* At very high frequency

— no bulk traps
- pure Si/SiO, interface states

o — =conventional Charge Pumping

Diiro
(trap density at f,)
— (trap density at f,)
= fraction of bulk HfO, trap density

itmec 2008 | 111




Frequency scan for bulk states

I I I V. =16V
: amp .
/ 4x1 L SiO,/HfO, stack _ Vo =-0.7V
© C\'IE 3 — VG,stress =27V
L —eo— jnitial
2 21 - —o— 75s
c 1 _| —=— 2555
)
©
-~ 8 0= I I | —
Prro - 10 10°  10°
\ frequency (Hz)  Degraeve et al
IEDM 2003

Interface states at high frequency
The lower the frequency, the more bulk traps
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Principle of distance and energy scanning

substrate

"a
“a,
e,
"y
“ay
“ay,
L]
........
L]
“ay,
“ay
“a,
"y,
"a

A\
-
-
.
.
.
-
-
-
-
0
.
.
-
-
.
‘e
.

Two main parameters: charge time and amplitude Patrameters
no

1) the trap distance from the injecting interface - t_, controlled completely
2) the trap energy level - V, controlled separated !

- 2008
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Variable t.arge~tdischarge Charge pumping

t
@ e

6.0x10

Variable tycharge

Duty cycle = variable

Ul

[ —

with fixed charge time

N

Trap Density [cm-2]

10

5.0 F

charge

Increasing IV i

4.0 -
L 2nm HfO 2+105 H 2O

[ ALD / std (350,3m)

N
NN

3.0 |
2.0 E I1 -
Vamp= 1.3V ;
1.0 y,’ Vbase= -0.4V -
'/ Tr =Tf = 300ns
0.0 &
10°° 107° 10 10

Discharge time [s]

M.A. Zahid, IRPS 2007
M. Toledano-Luque, TED 55(11)

- C Tutorial 2008
lmeC © imec 2008 ‘ 115




Basic interpretation VT2CP

oA t

= tsio,/Hro, | Losat I

o n

- : III

(1 II |

5 (1] =

o) : - .

o . S|02 -

E H

= :
: w >
0.5nm inm Depth [nml
~1ps ~30us Tdischarge [s]

puise=/  \./ \ / \__/ \ / \_/ "\

High-k
Interface layer
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Application example 1: VT2CP to characterize p

dependence of defects in SiO, and high-k

Long water pulse
Low Cl-content

3.0 Short water pulse

High Cl-content

N
o

Example :
SiO, interface
layer + 40 cy ALD
HfO,

©
©

ATrap Density [cm
=
(=)

Tpischarce [S]

o Position information of dielectric quality
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Modeling scanning distance

- Consistent with measured data

o (Si0,)= 0 (Al;,03)= 2x10-18 [cm?]

12
12x10 m*(Si0,)=0.47my; m*(Al,05)=0.35m,
G 10 Ec_off(Si0,)=3.1eV; Ec_off(Al,05)=2.6eV
g 3 Si/ Si0, 0.87nm/ Al,O5 10nm
=
‘®» 6 1.0
GC) L
'g_ 4 ~ [
Sk o ol
= ~ I
” | - i
10° 10® 10" 10° 10° 10* 10° 2 var .
. O Scanning
Pulse charge tlme (S) rU ._. ---------------- ----)dlstance
Y= pal
m |
C
o V225V = o2
2o 1D L
Ly - 5. x10- 10 .xlg le-:l';' 2

2.x107%

Laiook ALO, distance [m]

im-m/ Sio, (1) Scanning rate of SiO, ~ 0.19nm/dec

(2) Intersection for SiO,/high-k:
s e = = e ~60us for 0.87nm SiO,,

Ctrapping [S] See Poster M.Cho, SISC 2008
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Various regions accessible dependent on chan

V,=2.2V,V,=-3.0V/
t=t=0
T=300K, f=1kHz

20 30

A = ‘classical’ charge pumping mode
B = quasi-geometric component (only for long channel lengths)

M. Masuduzzaman et al, TED Dec 2008
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CONCLUSIONS

» Charge pumping is a powerful tool for MOSFET Interface
characterization

» Based on a thorough insight in the physical mechanisms
that are governing the charge pumping current, the
interpretation of the results has been improved over the
last decade, leading to a widespread use of the technique

» Charge pumping allows to determine mean values of
interface trap density as well as energy distributions over
a large part of the semiconductor energy gap

» Charge pumping allows to determine both uniform and
non-uniform degradation damage in small area MOSFET's

» Charge pumping hasEproven its potentials in various
fields, such as MOSFET-reliability, non-volatile memory
cell cﬁaracterization, SOI MOSFET characterization,
radiation damage, a.s.o

- i SISC Tutorial 2008
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Limerick #3

This is all I had this evening my dear

I hope that everything I told you was clear
And if it wasn’t, I'm sorry

But let me tell you, don’t worry
It will become much simpler after a beer

- ut'orial 2008
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Model for instabilities in high k dielectric

Vg = -2V Flatband V =42V
9
“é%‘t’('ay HfO,  SiO,
e
N
______ P
i i——» __|FTIIIIzzy | m;:::::‘—;
N
I— p-Si I
~

AN | A. Kerber et al, IRPS 2003 I
Basic features:

- At flatband condition defect band is located above Ec in the Si
- Defect band near the SiO2 layer moves ‘fast’ with Vg:
dE/q = dV, - (t;0,/EOTstack)
- Efficient charging for positive gate bias
- Efficient discharging for negative gate bias
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V.-instability in SiO,/HfO, stacks:

Comparison of Pulsed and '‘DC" measurements

O, clean, 4 nm HfO,, PDA: O, at 500 °C

200 1 Operating conditiop
~ | Pulsed: —_ o
i open symbols > o Pulsed
~150} DC: (up-trace) 7 = © =
c solid symbols > 0.1 o _ w "
o o /- DC
(el D m
’5 100 |+ delta V. - 8 O/
O 2 IFET: ‘ o T 4 6
S 50} W=10 um | | ESi_max (MV/Cm)
£ A =T um 100mV E]
a 0 V=01V 4 | shifted up-trace _I_ Vp 2
- 1 . 1 A > )
0.0 0.5 1.0 1.5 2.0 2.5 = DUT 2
Gate Voltage (V) [ v. |3
G D
y O
V, instability due to charging is underestimated by ‘DC’ '
measurements L L

Charging is leaking out during slow measurements
For application, pulsed measurements more relevant

A. Kerber et al, IRPS 2003
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